When plants are attacked by insects, volatile chemical signals can be released, not only from the damaged parts, but also systemically from other parts of the plant and this continues after cessation of feeding by the insect. These signals are perceived by olfactory sensory mechanisms in both the herbivorous insects and their parasites. Molecular structures involved can be characterized by means of electrophysiological assays, using the insect sensory system linked to chemical analysis. Evidence is mounting that such signals can also affect neighbouring intact plants, which initiate defence by the induction of further signalling systems, such as those that increase parasitoid foraging. Furthermore, insect electrophysiology can be used in the identification of plant compounds having effects on the plants themselves. It has been found recently that certain plants can release stress signals even when undamaged, and that these can cause defence responses in intact plants. These discoveries provide the basis for new crop protection strategies, that are either delivered by genetic modification of plants or by conventionally produced plants to which the signal is externally applied. Delivery can also be made by means of mixed seed strategies in which the provoking and recipient plants are grown together. Related signalling discoveries within the rhizosphere seem set to extend these approaches into new ways of controlling weeds, by exploiting the elusive potential of allelopathy, but through signalling rather than by direct physiological effects.
Introduction
When plants are attacked by insects, neighbouring intact plants can be affected by volatile signals and can, as do highly infested plants, become repellent to incoming herbivores and increasingly attractive to foraging predators and parasitic insects. This phenomenon has been demonstrated by a number of laboratories, including those studying plant systems involving lepidopterous caterpillars and their braconid wasp parasitoids [1, 2] , and herbivorous or predatory mites [3, 4] . The work reported here principally concerns aphids (Aphididae, Aphidinae) as the main herbivores, and their parasitoid control agents, with a brief consideration of lepidopterous pests and their respective parasitoids.
Aphids represent the main economic insect pests of temperate agriculture, causing direct damage to a wide range of crops and spreading numerous virus diseases. Some are highly polyphagous, such as the peach-potato aphid, Myzus persicae, whereas others have a more restricted host range, such as the black bean aphid, Aphis fabae, which, although feeding mainly on fabaceous plants, can be a major pest on other crops such as sugar beet (Beta vulgaris, Chenopodiaceae). Some aphids can be relatively monophagous, for example the cabbage aphid, Brevicoryne brassicae, which is restricted to the Order Capparales and particularly the family Brassicaceae. An important feature of the life cycle of aphids in the sub-family Aphidinae developed in the late Cretaceous Period, with the rapid expansion of herbaceous flowering plants, which provided an abundant food supply during the summer months [5] . These aphids remained with their original woody hosts (the primary host) for sexual reproduction in the autumn and overwintered as eggs on the bark. Many species evolved to produce, in the spring, winged forms that migrated to herbaceous plants (the secondary host) and gave rise to wingless forms that reproduced rapidly and parthenogenetically throughout the summer. Winged sexual forms were then produced in the autumn for the return to the primary host.
It was hypothesized that, just as a plant that is an unsuitable host for less polyphagous aphids is unacceptable to them for taxonomic reasons, so, during the aphid life-cycle where there is host alternation, the primary (winter) host for a particular species becomes a non-host to its spring migratory form [6, 7] . By the same token, in the autumn, when the migration is back to the primary host, the secondary (summer) host could become a non-host. We further hypothesized that when a plant is damaged by herbivore feeding and thus becomes unsuitable as a host through competition and overuse as a food source, it would also take on the characteristics of being a non-host. Indeed, where this characteristic is transferred to an intact neighbouring plant, by stress signals transmitted via the air or through the rhizosphere, the intact plant would take on similar non-host characteristics.
Aphids find their way through the vast range of potential host and non-host plants, initially by detecting volatiles released by these plants. Since plant-plant interactions relate to interactions with aphids as herbivores, and also with organisms that are antagonistic to aphids, it might therefore be possible to use the aphid olfactory system to identify not only signals of relevance to these groups of insects, but also those having a direct effect on the plants themselves.
Identification of aphid semiochemicals using electrophysiology
Semiochemicals (meaning sign-or signal-chemical) are detected by sensory chemoreceptors, and for volatile semiochemicals, the response of aphids involves olfactory organs situated on the antenna. Recordings from these organs can be made either by measuring the activity across the whole antenna, i.e. the electroantennogram (EAG), or by using preparations from single or small groups of olfactory cells, or neurons [single-cell recording (SCR)]. Such preparations can be coupled to high-resolution GC to locate electrophysiologically active components in natural volatile samples. We have performed many studies relating to aphid sex pheromones [8] , and have shown that individual components of these are associated with specific olfactory neurons located predominantly in structures (the secondary rhinaria) on the third antennal segment. However, in the primary rhinaria on the fifth and sixth antennal segments, there are cells specifically tuned to the detection of plantderived chemicals.
Aphids generally respond to ubiquitous plant components derived from the lipoxygenase or octadecanoid pathway, for example (E)-2-hexenal, but even in the highly polyphagous M. persicae, there is a specific cell for this compound which requires higher (by three orders of magnitude) concentrations of the analogous compounds (Z)-3-hexen-1-ol and hexanal to elicit a response (C.M. Woodcock, unpublished work). Thus, it can be seen, contrary to many earlier reports, that even where ubiquitous plant compounds are concerned, the response to these is on the basis of extremely specific olfactory neurons. With B. brassicae, an aphid which specializes on brassicaceous plants, a highly specific response would be expected to the organic isothiocyanates, which are catabolic products of the glucosinolates that typify the Order Capparales, and indeed, this is the case. However, by testing four organic isothiocyanates, 4-pentenyl, 3-butenyl, 2-phenylethyl and allyl, against this isothiocyanate-specific cell, a range of dose-response effects can be seen, with electrophysiological activity decreasing in the order given [9] . Thus, even where a group of compounds typifying the host plant range is exploited, there is a differential neurophysiological response.
Aphid non-host semiochemicals
During a study of the neuronal make-up of the olfactory organs in A. fabae, we found, to our initial surprise, a number of neurons that had the same sensitivities to the organic isothiocyanates as were found with B. brassicae. A. fabae is restricted to hosts in the Fabaceae and a few other groups of plants, and certainly does not normally feed on members of the Capparales. With collaborators, we subsequently showed that the isothiocyanates, although working as host attractants for B. brassicae, were acting in the opposite manner for A. fabae, by masking or interfering with the normal attractiveness of its own host plants, e.g. the bean Vicia faba, or even being directly repellent [9] . This discovery answers a greater issue than demonstrating the possible basis for avoidance of unsuitable plant taxa. It had long been observed that, for a number of insects, some neurons, although clearly of an olfactory nature, could not be stimulated by any obvious components of their pheromones or of their hosts. Here, we had a new potential role in detecting cues that allow the insect to avoid an unsuitable host [9, 10] .
Since the work reported here relates to a search for new practical means of pest control, it was decided to look for other chemicals that might act as cues for non-host characteristics and be useful in the field, either to repel aphids or to mask the attractiveness of host crop plants. With regard to the Lamiaceae, which are not hosts for A. fabae, a culinary herb, Satureja montana, was investigated by GC-SCR on the primaria rhinaria of this aphid, and a number of electrophysiologically active chemicals, found in this plant but not in its hosts, were detected [7] . One of these compounds was methyl salicylate, a ubiquitous component of certain primary hosts which has a role in the migration of the bird-cherry-oat aphid, Rhopalosiphum padi, from its primary host, Prunus padus, to its summer cereal hosts [6] . Studies on methyl salicylate were spurred on by the demonstration that over 50 insect species from five Orders show neurophysiological responses to this compound (C.M. Woodcock, unpublished work). Since salicylate relates to the inducible phenylalanine ammonia lyase defence pathway, whether formed by that or the isochorismate synthase pathway [11] , it was hypothesized that methylation might give rise to methyl salicylate as an external signal. It had already been suggested that methylation could allow the plant to remove salicylate once its signalling role had taken place. This role seemed to suggest that methyl salicylate might be a signal that could act on the plants themselves [6] and, indeed, 2 years later, Raskin et al. [12] demonstrated that methyl salicylate in the air above intact plants could initiate defence against fungal pathogens. Since we had initially identified methyl salicylate as a plant semiochemical in the context of non-host avoidance, it was decided to look further at this kind of system for other putative plant signals.
In studies on the lettuce aphid, Nasonovia ribis-nigri, we investigated the responses of spring and summer morphs to volatiles from their primary host, blackcurrant (Ribes nigrum, Saxifragiaceae), and showed that these not only masked the attractiveness of the secondary host, lettuce (Lactuca sativum, Asteraceae), but also repelled the spring migrants from the lettuce plants (M. Tatchell and L.J. Wadhams, unpublished work). GC-EAG allowed us to identify, from subsequent GC-MS and confirmation with authentic compounds, a group of six electrophysiologically active compounds, 5-methylfurfural, (E)-β-farnesene, chrysanthenone, β-pinene, cis-jasmone, methyl salicylate, 1-octen-3-ol and β-caryophyllene. For cis-jasmone, there was a specific olfactory neuron which gave virtually no response to the volatile structural analogue methyl jasmonate. cisJasmone subsequently became the focus of our interest because of its production from the lipoxygenase pathway further down the metabolic sequence than jasmonic acid, which was already known to affect plant development directly and as the volatile ester methyl jasmonate. We were further encouraged to investigate cis-jasmone as a putative plant signal because of its wide, and also unexpected, activity on aphids other than N. ribis-nigri. Thus, collaborators showed that it was repellent to the damson-hop aphid, Phorodon humuli, and it was then established that insects that are antagonistic to aphids, including ladybirds and the parasitic wasp Aphidius ervi (Braconidae), were stimulated to forage in the presence of this compound [13] .
cis-Jasmone as an elicitor of plant defence
To test if cis-jasmone could have an effect directly on plants, very low levels were released into the air above intact V. faba, which were then compared with untreated or solventtreated plants in a wind tunnel for activity with A. ervi. The investigation in the wind tunnel was not initiated until well after the cis-jasmone had disappeared. Indeed, after 24 h, no cis-jasmone could be detected; the plants were then tested 24 h after this. In a choice test, over three times as many A. ervi were attracted to the treated plant than to the control plant (P < 0.05) [13] . Even in a no-choice test, over twice as many A. ervi oriented towards the cis-jasmone-treated plant (P < 0.01). One of the compounds which was responsible in part for attracting the parasitoids, and production of which was upregulated by cis-jasmone, was the monoterpene (E)-ocimene. It was known that methyl jasmonate, applied to plants from the air, could increase (E)-ocimene production, but with cis-jasmone, the effect lasted much longer, i.e. for 8 days, rather than 2 days [13] . In the field, it was shown that a slow release formulation of cis-jasmone in a winter wheat crop significantly reduced subsequent aphid colonization, long after the cis-jasmone itself had disappeared (L.E. Smart and T. Bruce, personal communication).
Thus far, an effect has been seen with the bean plant, V. faba, and with wheat, Triticum spp., and in view of the persistence of the effect induced by cis-jasmone, it was decided to look at the molecular genetics in order to exploit this phenomenon more widely. Initially, studies were made by using differential display and showed a number of differences in gene upregulation in V. faba between the treatments with methyl jasmonate and cis-jasmone; however, it was decided, after preliminary collaborative studies with a small 'boutique' DNA microarray (E. Farmer, personal communication), to use the greater resource of the Stanford Arabidopsis array at Michigan State University. Here, a larger number of genes are assessed, and one, which had been indicated previously as being upregulated, was annotated as an oxophytodienoic acid reductase (OPR). Further investigation by Northern blotting showed that this indeed involved a specific component of the OPR gene family (of which there are five members in Arabidopsis), OPR 1/2, and, although this was strongly upregulated by cis-jasmone, it was not affected by methyl jasmonate. As yet, an exact role for this gene has not been determined, although it is involved in regulation of the later stages of the jasmonic pathway. Several other genes identified by microarray analysis as specifically upregulated by cisjasmone and possibly associated with the plant's response to this compound are currently under investigation.
Specificity of aphid-derived signals
The profile of volatiles released by intact V. faba is changed by herbivore feeding, for example by the pea aphid, Acyrthosiphon pisum, with the production of certain components being increased, the production of others being reduced and some new compounds being formed. The profile is also different with other aphid species, for example A. fabae or the vetch aphid, Megoura viciae. In this ecosystem, the parasitoid A. ervi only develops successfully on A. pisum and, indeed, recognizes plants on which the specific insect is feeding by the induced volatile profile. One of the compounds that confers specificity is 6-methyl-5-hepten-2-one, with the parasitoid showing an innate (or unlearnt) response which is significantly enhanced by the experience of a successful contact with its host aphid [14] . Furthermore, with lepidopterous larvae attacking plants, there are signals specific to the herbivorous insect that are passed to the plant and, in turn, induce specific volatile production that is exploited by specialist parasitoids [15] .
Aphid-induced signals transmitted through the rhizosphere
Collaborators have shown recently that plants growing hydroponically can transfer, through the hydroponic medium, signals derived from aphid feeding stress to other plants. This can be achieved either by maintaining the aphid-infested plant in the same hydroponic culture as the uninfested plant, or by growing the infested plant in a hydroponic culture from which it is removed and replaced by the intact plant. In both cases, the intact plant is more attractive to A. ervi in the wind tunnel [16] . It has been demonstrated that this same phenomenon can take place when the hydroponic culture is replaced by a normal soil rhizosphere (F. Pennachio and E. Guerrieri, personal communication). Thus, the search is now on, not only for specific and systemic signals from the aphids causing the plant to generate aerial signals, but also for those that allow signals through the rhizosphere.
Lessons from Africa with stem borers and Striga hermonthica
Since 1993, we have worked on developing a system of cultivating trap and intercrop plants as a means of controlling stem borers in subsistence maize and sorghum production in Africa. With an extensive group of African collaborators, we have shown that intercrops, combining repellent grasses and legumes with trap crops of highly attractive forage grasses, can be an economically viable approach to controlling attacks by lepidopterous stem borer pests in the families Noctuidae and Pyralidae. We have identified, by using GC-EAG on the stem borer pests, particularly Busseola fusca (Noctuidae), the main chemicals that are responsible for the trap crops being 'superattractants' as nonanal, octanal, 4-allylanisole, eugenole, naphthalene and linalool. Naphthalene, although generally associated with anthropogenic activity, is indeed produced by plants acting as strong attractants for these insects; however, according to the hypotheses developed with the aphid work, we expected that the highly repellent intercrop plants, for example molasses grass, Melinis minutiflora (Poaceae), would contain additional compounds that mask the attractiveness of the main crop and, in the case of this particular plant, confer repellency. Again, using GC-EAG, five compounds were found to be largely responsible: (E)-ocimene, (E)-4,8-dimethyl-1,3,7-nonatriene, β-caryophyllene, humulene and α-terpinolene [17] . The compounds were shown to be behaviourally active, as expected, and provide a means of quality control monitoring as seed and plant material are multiplied for the wider dissemination of this programme.
It was noticed that, where the intercrop of M. minutiflora was growing, there was increased parasitism, even taking into account that there were fewer stem borer larvae in the stands of cereal plants. It was shown subsequently that the nonatriene was largely responsible for attracting larval parasitoids such as Cotesia sesamiae [18] . One of the legumes used as a repellent intercrop was greenleaf, Desmodium uncinatum [17] . Although it contains the chemicals necessary for repelling stem borer moths, D. uncinatum did not attract parasitoids because of the production of additional material that was repellent to the wasps. The farmers themselves value D. uncinatum as it provides nitrogen and is a nutritious cattle forage when cut. In some of the early trials, where we were observing effects on insect pests and their beneficial insects, we noticed, to our surprise, that there was a very substantial reduction in infestation by the African witchweed, Striga hermonthica, when D. uncinatum was used as the intercrop [17, 19] . Here again, we have begun to study the chemical basis of the mechanism, which involves suicidal germination of the S. hermonthica seeds, stimulated by the D. uncinatum, followed by interference with haustorial development and colonization of the cereal host. Again, rather than being physiological, the effect seems to be one of signalling from the D. uncinatum plant to the parasitic weed in the vicinity of the host [20] .
The overall system is achieving wide usage in Africa because, as well as providing economically valuable control of stem borers and witchweed, the intercrops and trap crops also produce cattle forage, which contributes to the farmers' economies and compensates for any loss of space for growing the cereal itself [17] . The overall lesson learned is that a plant, for example M. minutiflora, although being intact, can imitate a damaged host plant, not only by repelling pests, but also by attracting beneficial insects. Lessons from the Striga control will perhaps take longer to learn but, we are already trying to exploit the idea of signalling from intact plants, which gives such a useful allelopathic effect [21] .
Signalling from intact plants
Initially, we considered the mechanisms by which a damaged plant could signal to a neighbouring plant, and thus elicit a defensive response. Stimulated by this research, we identified cis-jasmone which, although not conclusively proven to have a role in Nature, certainly has the effect of inducing defence in intact plants. Now that we have a vision of using an intact plant to imitate a damaged plant (from the work in Africa), can we also use the intact plant to induce defence in the crop plant itself? With collaborators, studies were initiated on aggressive weeds and their effect on adjacent cereal plants. It was shown that couch grass, or quack grass, Elymus (=Agropyron) repens, growing next to barley, Hordeum spp., caused the barley to become less attractive to aphids (J. Petterson, personal communication). A compound exuded by the roots of E. repens, 6-hydroxy-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (carboline), was tested and found to account largely for the root-root interactions [22] ; however, Pettersson et al. [23] then showed that air passing over E. repens plants by convection would also cause barley plants to become less attractive to aphids. Since it would be unthinkable to use such an aggressive weed as an intercrop, Pettersson's group turned to investigating the interactions between different cultivars of barley; for example, when the 'inducing' cultivar was Frieda, the cultivar Hulda became significantly less attractive to aphids in subsequent choice tests. This approach also works in the field, in that a seed bed of mixed barley cultivars gave a significant reduction in aphid populations compared with the single cultivar plots [23] . Indeed, while we collaboratively attempt to identify the chemical basis of this interaction, it has been shown that there are other inter-cultivar effects, including an increase in biomass [24] .
Thus, we have two ways forward. We can continue to develop cis-jasmone by understanding the molecular basis of its mode of action and by looking for other compounds that act even more potently in the same way, or where we can use promoter sequences isolated from cis-jasmone induced genes to switch on other defence genes. Alternatively, we can devise approaches involving mixed seed. This was pioneered in the 1970s against fungal pathogens in cereals, and was thought to have been based on an epidemiologically related mechanism [25] ; however, there may be another explanation, suggested from our studies here involving plant stress signalling. Nonetheless, although this may currently be difficult to introduce beyond organic cereal production, mixed seed, if allowing exploitation of natural plant defence, could be an important option for pest control in the future, as is the intercropping and trap cropping regime in Africa.
